We have measured the visible-ultraviolet polarized reflectivity of anisotropically aligned single-walled carbon nanotubes between 1.5 and 6 eV. We observed distinctively distinguished reflectivities from two types of single-walled carbon nanotubes, synthesized with and without sulfur. The reflectivity of single-walled carbon nanotube films synthesized with sulfur was fitted under the assumption of the lineshape of Drude conductivity, whereas that of single-walled carbon nanotubes synthesized without sulfur was fit using the lineshape formula of simple harmonic oscillators for dielectric function. We observed several peaks in the harmonic-oscillator-type reflectivity spectra, which we assigned to band electronic transitions. Difference spectra of the parallel and perpendicular polarization components of the reflectivities with respect to the nanotube axis revealed anisotropic features associated with the band electronic transitions in the carbon nanotubes of both types. We identified the harmonic-oscillator-type and the Drude-type single-wall carbon nanotubes as semiconductor-like and metal-like ones, respectively.
Introduction
Carbon materials have very versatile structures depending on the nature of their chemical bonds, ranging from crystalline to amorphous, and from graphite to diamond structure. Recently, carbon nanostructures such as carbon nanotubes (CNT), fullerenes, and onion structures have been found and investigated intensively in order to to clarify their exotic properties and to apply them to electronic and optical devices. Many spectroscopic studies on carbon nanotubes have been performed such as Raman spectroscopy, scanning tunneling microscopy, and electronic energy-loss spectroscopy (EELS). 1) Reflectivity studies of carbon nanotubes have been very rare due to intrinsically low reflectance. Reflectivity spectra of CNTs have been reported in the infrared and visible range only below 4 eV. [2] [3] [4] Bommeli and coworkers measured the polarized reflectivity spectra of CNTs in the infrared-visible spectral range for multiwalled CNTs. 3, 4) Only recently, using single-walled carbon nanotubes (SWNTs), Hwang and coworkers measured the polarized reflectivity spectra in the infrared-visible spectral range, and found 1.9 and 2.6 eV peaks. 5) They fitted the reflectivity assuming the dielectric function of simple harmonic oscillators and Drude-like optical conductivity, and concluded that the SWNTs were a mixture of semiconductor-like and metal-like SWNTs. Hwang observed Drude-like behavior in the infrared range. Optical absorption spectra of SWNTs have been reported by several groups. [6] [7] [8] Using the optical absorption method, Kazaoui et al. found 1.2 and 1.8 eV features. 7) Kataura et al. observed SWNT-related signatures of the 1.7, 2.2 and 4.2 eV peaks using the optical transmission method, and assigned the 4.2 eV peak to the plasmon peak. 6) To date, higher energy states (!4 eV) have been investigated, usually using EELS which can measure the imaginary part of the inverse of the dielectric response (ImðÀ1=ð!ÞÞ) between 0.5 eV and 30 eV. 9) Polarized reflectivity measurement is much easier to use than EELS, and therefore is convenient for routine contactless characterization of CNTs. Furthermore, polarized reflectivity measurement can directly reveal the anisotropic behavior of CNTs. In general, a CNT mat is composed of carbonaceous particles as well as CNTs. Hence, the reflectivity spectra of a CNT mat are the optical response of a composite medium including CNTs and carbonaceous particles. However, because the CNTs are intrinsically anisotropic objects and the rest are isotropic, we can extract the optical response of CNTs by obtaining the difference (R k À R ? ) of the parallel (R k ) and perpendicular (R ? ) reflectivity with respect to the axial direction of anisotropically aligned CNTs, even though a possible isotropic optical response from CNTs is suppressed.
In general, Kramers-Kronig (KK) transformation is used to fit the dielectric function from measured reflectivity. However, the dielectric function estimated by means of the KK transformation is not accurate near the boundary of the spectral range. Another useful method is the direct fitting, in which the dielectric function is fitted from the reflectivity spectra assuming an appropriate lineshape formula for the dielectric function. 5) Assuming an ambient-substrate interface, the reflectance (r) is given by ðn þ ik À 1Þ= ðn þ ik þ 1Þ, where the complex refractive index is the square root of the dielectric function (
. This direct fitting method is free from the arbitrariness of boundary values of the dielectric functions KK-transformed from the reflectivity data. Finding an appropriate lineshape formula is very important for the direct fitting method.
In the present work, we prepared SWNT films with and without a sulfur catalyst, where the SWNTs are anisotropically aligned to a preferred direction in the plane by a simple mechanical rubbing. We measured the visible-ultraviolet polarized reflectivity spectra of the SWNTs at room temperature between 1.5 eV and 6 eV. Assuming the harmonic oscillator model for dielectric function or Drude-like conductivity, we directly fitted the reflectivities of the SWNT thin films, which were synthesized with and without sulfur, respectively. We also plotted the difference spectra of the parallel and perpendicular reflectivities of the anisotropically aligned SWNT films, in order to explicitly show the anisotropic nature of SWNT bundles. Judging from the reflectivity data of SWNTs, we concluded that the SWNTs synthesized with and without sulfur were predominantly semiconductor-like and metal-like, respectively.
Experiments
Two types of SWNTs were studied. The first type of SWNTs (denoted SWNTa) was synthesized by dc arc discharge under a helium pressure of 100 Torr, where a graphite rod (diameter: 6 mm) having a concentric hole (diameter: 4 mm) filled by a mixture of the graphite powder with 5 wt% of Ni and Fe (1 : 1), was discharged with a bias of 22 V and a current of 55 A. This first type of SWNTs was collected only from the collar part, which is known to have the highest purity of SWNTs. The pristine samples collected from the collar part contained mostly carbon nanotubes with 20 wt% of transition metals. In order to dissolve the transition metals, the sample was further purified with HNO 3 acids, and the remaining transition metals were less than 1 wt%.
10) The slurry left on top of the filter was coated on silicon and mechanically squeezed by a bar coater with a pattern width of 50 mm, in order to align SWNTs of thin film to a preferred plane direction. The anisotropic alignment was verified by means of scanning electron microscopy.
11) The thicknesses of the aligned SWNT films were approximately 36.5 mm. The details of growth conditions, electron microscopy data, and anisotropic transport properties of SWNTa are reported in ref. 11 . We note that the transport properties of the SWNTa were nonmetallic. However, we caution that the transport properties of carbon nanotube films can be significantly affected by tube-to-tube junctions. Therefore, we cannot directly correlate the transport and the optical properties of nanotubes. It has been proposed that the SWNT film can be modeled as a network of effective resistors, where each resistor is represented by a series of Luttinger liquids and Fermi liquids.
11)
The second type of SWNTs (denoted SWNTb) was also synthesized by dc arc discharge under a helium pressure of 100 Torr using a mixture of Ni, Co, and FeS (1 : 1 : 1) as catalysts, where the sulfur in FeS serves as a promoter to produce a high yield of SWNTs. The voltage between the two graphite rods was fixed to be 25 V, and the current is maintained in the range of 60-80 A. The purity of SWNTs was uniform, independent of the sampling position from either the collar or the chamber part. The details of growth conditions, electron microscopy data, and properties of the synthesized SWNTs have been reported elsewhere.
12) The preparation method of the aligned CNT film was the same as that of SWNTa except for the glass substrate. The thickness of the aligned CNT films was approximately 10 mm. The sample showed a slightly shiny surface.
We note that we synthesized both types of SWNTs without using binders, to allow measurement of the intrinsic reflectivity. Both types of samples contained about 50% of SWNTs and about 50% of carbonaceous particles. The carbonaceous particles were nanosized particles of diameters 10-20 nm. Nanotubes and carbonaceous particles are often covered with amorphous carbon (a-C). The size of the samples was typically about 2 cm Â 3 cm.
Fourier Transform (FT) Raman spectroscopy (BRUKER RFS 100/S) using a Nd:YAG laser (excitation wavelength: 1064 nm) was employed to confirm the structures of SWNTs. Unpolarized and polarized reflectivities of SWNTs were measured with a Cary 100 spectrometer at room temperature between 190 nm (6.5 eV) and 900 nm (1.4 eV) with a 1 nm step. The incident beam was 7 degrees off the normal direction of the sample surface. The beam size was about 1 cm Â 1 cm. We used an ultraviolet linear dichroic polarizer from Thermo-Oriel Inc. for the polarized reflectivity study. Figure 1 shows a plot of the unpolarized reflectivity spectra (R ¼ jrj 2 ) of the SWNTs of two types. We observed three peak maxima near 2.20, 4.3, and 5.14 eV, and also two energy minima near 3.2 eV and 4.8 eV from the SWNTa, whereas a simple monotonic decrease was observed from SWNTb with increasing photon energy. The oscillator-like peaks suggest that the SWNTa may be semiconductor-like. The increase of the reflectivity with decreasing energy suggests that the SWNTb may be metallic.
Results and Discussion
Figure 2(a) shows the Raman spectra of SWNT samples. The 1594 cm À1 peak is the so called G-peak in the graphitic sheet and is a measure of the crystallinity of the SWNTs. The 1271 cm À1 peak, the so called D-peak, is due to the carbonaceous particles and defects in the SWNT walls. SWNTs of the specific diameter. We fitted the overlapped peaks using multiple Gaussian curves, as shown in Figs. 2(b) and 2(c). The dominant peaks at 160.8 cm À1 in Fig. 2 (b) and 120.0 cm À1 in Fig. 2 (c) correspond to the SWNT diameters of 1.52 nm and 2.09 nm, respectively. In Fig. 2(c) , the medium size peaks of 163.0 cm À1 and 179.4 cm À1 correspond to the diameters of 1.50 nm and 1.36 nm, respectively. This shows that the average diameters of CNTs in the SWNTb are enlarged compared to those of the SWNTa. The diameter is also related to the energy gap of the tubes. For ðn; mÞ tubes, the energy gap of the metallic nanotubes with ðn; nÞ and n À m ¼ 3k, where k is an integer, is independent of the diameter, whereas the energy gap of the semiconducting nanotubes with achiral ðn; 0Þ and chiral n À m 6 ¼ 3k is inversely proportional to the diameter, except for the zero gap semiconductor of n ¼ 3k. [16] [17] [18] Therefore, the increase of the mean diameter in the SWNTb sample results in the decrease of the energy gap, particularly in the semiconducting tubes. Even though the chirality of the SWNTs was not measured in our work, the change of the energy gaps as a function of the mean diameter of SWNT is expected to be consistent with the change of the conductive property. There is a possibility that growth of the SWNT with an addition of sulfur may induce the formation of chiral nanotubes. However, this possibility remains unconfirmed at the present moment. Metals may be encapsulated in the capillary of CNTs, which is typically observed in the formation of multiwalled carbon nanotubes, but this is not the case in our samples, which was evidenced by the transmission electron microscope measurements. 19) Figures 3(a) and 3(b) respectively show the plot of the polarized reflectivities and the fits using four simple harmonic oscillators of parallel (E k ) and perpendicular (E ? ) directions with respect to the SWNT bundle axis for SWNTa. In Figs. 3(a) and 3(b), we observe peak maxima at 2.4 eV, 4.3 eV, 5.2 eV, and a shoulder at 4.0 eV, which only resolved in the polarized spectra. Figure 3 (c) shows the plot of the difference of the polarized reflectivity spectra of Figs. 3(a) and 3(b). We restricted the spectral range to between 1.5 eV and 3.4 eV because of noise in the UV range.
We fitted the reflectivity spectra in Figs. 3(a) and 3(b) using a simple harmonic oscillator model, where the lineshape formula for the effective dielectric function was given by
ð3:1Þ
where h " ! is the photon energy, A j is the amplitude, and E j and À j are the energy threshold and the linewidth, respectively, of the j-th oscillator to be fitted.
20) The Lorentzian model is a phenomenological model and we cannot impart an exact physical meaning to the equation above. We found four peaks, and the fitted peak energies were determined to be 2:618 AE 0:228 (2:610 AE 0:260), 3:825 AE 0:088 (3:797 AE 0:102), 4:300 AE 0:072 (4:280 AE 0:074), and 5:113 AE 0:064 (5:189 AE 0:080) eV, respectively, for the parallel (perpendicular) direction. The error bars designate 95% reliabilities. We could not observe the polarization dependence of the intensity of the 2.6 eV peak. However, for the 3.8 and 4.3 eV peaks, the intensity of the perpendicular polarization of the reflectivity was larger than that of the parallel component. For the peak at 5.15 eV, the perpendicular component was broadened and was blueshifted by 0.08 eV compared to the parallel component. We note that the 4.3 eV peak in the unpolarized reflectivity spectra of Fig. 1 was clearly fit and resolved by two overlapped peaks of 3.8 eV and 4.300 eV in Fig. 3(a) . Hwang et al. 5) observed a 2.6 eV peak from predominantly semiconducting SWNTa, where the parallel polarization showed higher reflectivity. Our spectra showed a peak maximum at 2.4 eV, where the anisotropy of reflectivity was not observed. We note that a transition was predicted to be 2.2 eV for semiconducting tubes by Saito et al.
18) Saito et al. assumed the nearest-neighbor carbon-carbon interaction energy ( 0 ) as 2.9 eV and neglected the tight binding overlap integral(s)tocalculatetheenergygapvs.diameter plot.
18)
The difference spectra in Fig. 3(c) showed the anisotropic response of anisotropically aligned SWNTs. The reflectivity spectra in Figs. 3(a) and 3(b) originated from the effective medium composed of SWNTs, carbon nanoparticles, and a-C. We expect that the reflected light from carbon nanoparticles and a-C should be isotropic. Hence, the difference spectra of the parallel and perpendicular reflectivity would only show the anisotropic reflectivity, which arose from the anisotropically aligned SWNTs. We note that any isotropic component of reflectivity which arose from the nanotubes would be also suppressed in the difference spectra. In Fig.  3(c) , we found a sharp optical structure near 3.1 eV. We also found a structure near 3.5 eV, and a broad feature at 4.4 eV, which should have arisen from the SWNTs [not shown in Fig. 3(c) ]. Saito et al. predicted 2.2 eV, 2.8 eV, and 3.5 eV transition energies from the semiconducting SWNTs of 1.5 nm diameter. 18) In the case of Fig. 3(c) , the 3.5 eV feature matched well, and 3.1 eV feature is slightly larger than the calculated value of 2.8 eV of Saito et al.
18) The 2.2 eV feature was absent in the difference spectra of Fig. 3(c) although we could observe it as a 2.6 eV peak in Figs. 3(a)  and 3(b) . The broad feature at 4.4 eV is attributed to the plasmon transition.
Figures 4(a) and 4(b) show plots of the polarized reflectivity of SWNTb in the parallel (E k ) and perpendicular (E ? ) directions, respectively, along the SWNT bundles and the fitted curves assuming Drude-like conductivity. The fitted effective dielectric functions are also shown. Figure 4 (c) is the plot of the difference between the polarized reflectivity spectra of Figs. 4(a) and 4(b). We restricted the spectral range to between 1.5 eV and 3.4 eV because of noise in the UV range. In Figs. 4(a) and 4(b), the reflectivity of the perpendicular polarization is larger than that of the parallel polarization. The effective anisotropic dielectric functions were estimated from the fitting in Figs. 4(a) and 4(b). In both the parallel and perpendicular dielectric functions, the real part was constant and the imaginary part exhibited Drude-like behavior. Small oscillator-like optical structures were observed, and are marked by arrows near 2.6 eV and 3.0 eV in Fig. 4(a) . The difference spectra of Fig. 4(c) indeed showed clearly two optical structures at 2.6 eV and 3.0 eV. The residual monotonic increase of the difference spectra with decreasing photon energy in Fig. 4(c) verified that the Drude-like lineshape in Figs. 4(a) and 4(b) arose from the anisotropically aligned SWNTs. From the Drude-like fitting, we can infer that the reflectivity data of SWNTb exhibited predominantly metallike characteristics, which explains the somewhat shiny appearance of the SWNTb surface to the bare eye.
We assumed frequency-independent Drude-like optical conductivity to fit the reflectivity spectra in Figs. 4(a) and 4(b), neglecting the small oscillators at 2.6 and 3.0 eV. The formula for hð!Þi is given by
where 0 is the conductivity constant. 21) Here, the fitted parameters 1;1 , 2;1 , and 0 were 1:222 AE 0:034 (0:990 AE 0:176), À0:097 AE 0:052 (0:019 AE 0:013), and 0:088 AE 0:003 s À1 (0:081 AE 0:005), respectively, for parallel (perpendicular) reflectivity.
22) This formula is valid for DC conductivity for normal 3D metals. The SWNT is a quasione-dimensional object with a circular membrane substructure. Hence, the equation above is a phenomenological equation, and we can not give an exact physical explanation for the equation and the fitted DC conductivity value ( 0 ). Furthermore, we did not include the diffuse part of reflectance, which may dominate the specular reflectance. A more elaborate theory is needed to obtain the lineshape formula for the dielectric response of SWNTs. In Figs. 4(a) and 4(b), the fact that we could fit the conductivity using eq. (3.2) suggests that ! ( 1 in the frequency range. 21) Hence, the collision time should be much less than 1 fs at room temperature. Since the reflectivity is measured from a mat of SWNT bundles, the collision time includes the effect of carbonaceous particles and CNT junctions as well as collisions inside the SWNTs. The transport regime in the CNTs can be classified into three regimes; (i) ballistic transport (ii) classical (diffusive) transport, and (iii) localization.
1) The SWNTb samples we measured should correspond to the classical transport.
The two transitions observed at 2.6 eV and 3.0 eV in the difference spectra of Fig. 4 (c) match very well to the expected transition energies for metallic SWNTs of 2.1 nm diameter in the plot of energy gap vs. diameter of ref. 18 . Together with the residual Drude-like behavior in Fig. 4(c) , the two transitions confirm the metallic characteristics of SWNTb. The possible plasmon transition in Fig. 4 may be too weak to be discerned or the transition energy may be sufficiently high to be out of the spectral range. Lin and Schung estimated the reflectivity of SWNTs using gradient approximation, and found that the interband-like transitions gradually diminish as the diameter of SWNTs increases due to a rapid increase of the number of subbands. 23) They also found a strong plasmon edge near 6 eV, independent of the SWNT diameter, of which the strength of the edge decreased with increasing the SWNT diameter. The relatively large diameter of 2.09 nm of SWNTb may explain the very weak structures of inter-band like transitions and the apparent absence of the plasmon feature in Figs. 4(a)-4(c) .
The SWNTs are an anisotropic object of which the reflectivities are also anisotropic. CNTs can be considered as a rolled graphite sheet. Hence the dielectric responses parallel and perpendicular to the graphitic sheets will differ from each other.
2) The polarized reflectivity along the CNT axial direction will include only the parallel component of the dielectric response of the flat graphitic sheet, whereas that of the perpendicular direction will represent both the parallel and the perpendicular dielectric responses of the rolled graphitic sheet. 2) In Fig. 3 , the 2.6 eV peak was observed, and is attributed to the transitions between density-of-state peaks (DOS) of electrons for SWNT with 1.4 nm diameter by several groups. 5, 9) We note that the maximum peak energy of the reflectivity spectra does not exactly correspond to the optical threshold energy associated with interband transitions, particularly for broad peaks. To determine the exact energy threshold, we need the lineshape fitting of harmonic oscillators in Figs. 3(a) and 3(b) . We must also note that the reflectivity spectra in Figs. 3 and 4 arose from a composite medium of SWNTs and carbonaceous particles. Hence, the fit energy thresholds using the harmonic oscillator model are a rough estimate for the SWNTs although the dielectric function of carbonaceus particles are expected to be featureless except at the boundaries in our spectral range of 1.5-6 eV.
24) The four peak energies of SWNTa were very similar to the peak energies (2.6, 3.5, 4.4, and 5.55 eV) of C 60 reported by several groups, suggesting that the transitions had similar characteristics. [25] [26] [27] The anisotropic transport measurement of SWNTa showed nonmetallic characteristics, which was consistent with the semiconductor-like reflectivity data of Fig. 3 .
11) The weak anisotropy of the reflectivity in Fig. 3 and also in Fig. 4 may be due to the imperfect alignment of SWNTa. However, the transport measurement of SWNTa showed strongly anisotropic conductivity. SWNTa. Using the optical transmission method, Kataura et al. also observed a plasmon transition at 4.5 eV for SWNTs of 1.35 nm mean diameter. 6) However, using EELS, Pichler et al. observed the plasmon peak at 5.2 eV for SWNT of 1.4 nm mean diameter. 9) This peak is observed from various carbon materials, such as a-C, graphite, fullerene, and the nano-onion structure in optical reflectivity and EELS spectra. [28] [29] [30] [31] [32] The peak energy may vary depending on the diameter and the chirality of the tubes. Therefore, direct comparison to optical or EELS data in the literature is not appropriate without a detailed comparison of the diameter and the chirality of CNTs. Actually, all of the features in the spectral range in Fig. 5(a) are attributed to the transitions between the electronic states of CNTs. According to the EELS study of Pichler et al., the 2.86 eV (2.55 eV in ref. 9) feature was independent of momentum transfer and was assigned to interband excitation between defect-induced localized states which were polarized perpendicular to the nanotube axis, and thus resembled molecular interband transitions such as those of C 60 . However, the plasmon peak, which they observed at 5.2 eV, showed substantial dependence on the momentum transfer and was assigned to an intraband plasma oscillation of delocalized states polarized along the nanotube axis. Pichler et al. also observed a peak near 3.7 eV from the SWNT films, which may correspond to the 4 eV shoulder in Fig. 5 . The curves with oscillator peaks are from semiconductor-like SWNTa, and the apparently Drude-like curves are from the metal-like SWNTb sample. Because ImðÀ1=hð!ÞiÞ of SWNTa in Fig. 5 was more similar to the EELS spectra of ref. 9 than that of SWNTb, we suspect that the unaligned SWNTs of ref. 9 were semiconductor-like rather than metal-like.
Comparing Fig. 3 with Fig. 4 , the behavior of the dielectric function has dramatically changed from oscillatortype behavior to Drude-type behavior. Hence, SWNTa and SWNTb were assigned to be predominantly semiconductorlike and metal-like, respectively. In contrast, Hwang et al.'s reflectance data revealed both metallic and semiconducting behaviors, suggesting that the measured CNTs were a mixture of semiconducting and metallic SWNTs.
5) The change of the energy gap inferred from the wave-number change of the A 1g mode in Fig. 2 is not sufficient to explain the marked change of the dielectric functions. Another possible explanation is the change of chirality, which should explain the dramatic change from semiconducting to metallike behavior. 33) The SWNTb was grown with the additional sulfur promotor. This may enhance the Ni scooter motion, particularly on armchair edges, and therefore explains the more abundant formation of armchair (metallic) nanotubes, 34) which may explain the difference in chirality. In order to confirm this, the measurement of the chirality of the SWNTs using scanning tunneling microscopy (STM) is necessary. However, this STM study is beyond the scope of the present work. As can be seen in Fig. 2(b) , the mean diameter of SWNTa was about 1.50 nm, and was uniform compared to that of SWNTb. However, SWNTb consisted of the nanotubes with a main diameter of 2.1 nm and minor diameters of 1.50 and 1.36 nm. It appears that the nanotubes of D ¼ 2:1 nm were metallic. However, the nanotubes with other diameters could be semiconductor-like, although we were not able to verify this. Synthesizing SWNTs with a single diameter and a unique chirality is very desirable for the realization of purely metallic or semiconductor-like behavior of SWNTs. CNT films generally contain nanotubes with a distribution of different diameters and chiralities, and thus the measured properties usually exhibit both semiconducting and metallic behavior. However, our SWNT samples showed distinctively semiconducting or metal-like behavior in terms of reflectivity spectra, suggesting that metal-like or semiconducting SWNTs can be produced in macroscopic quantity with suitable growth conditions and methods.
Conclusion
We have measured the polarized reflectivity and Raman spectra of anisotropically aligned single-wall carbon nanotubes synthesized using different catalysts from the nearinfrared to ultra-violet spectral range (1.5-6 eV). We observed two types of reflectivities; The reflectivity of single-walled carbon nanotubes synthesized without sulfur was fitted using the simple harmonic oscillator model, whereas that of single-walled carbon nanotubes synthesized with sulfur was fitted assuming Drude-like conductivity. From the fitting, we estimated the effective dielectric functions of single-walled carbon nanotubes. We observed four peaks in the oscillator-type reflectivity spectra. We assigned these peaks to the band electronic transitions and discussed the nature of the transitions. Difference spectra of parallel and perpendicular reflectivities clearly showed the anisotropic part of the optical response from the anisotropically aligned single wall carbon nanotubes. The difference spectra from the single wall nanotubes synthesized with sulfur clearly showed two optical transitions at 2.6 eV and 3.0 eV, which match very well with the energy gap vs. diameter plot in the literature. We identified the harmonicoscillator-type nanotubes as semiconductor-like ones. The Drude-like behavior of nanotubes synthesized with sulfur was attributed to their metallic properties. 
